This paper presents a novel method to determine the optimal strategy for the allocation of multiple resistive superconducting fault current limiters (SFCLs) aiming to improve the overall protection of standard power grids. The presented approach allows for the straightforward determination of the optimal resistance of the SFCL, accounting for short circuit events occurring at different locations, by modelling the electro-thermal properties of the SFCL via a temperature dependent E-J power law. This material law, based on previous experimental evidence, allows for the introduction of flux pinning, flux creep, and flux flow properties of the superconducting material within a minimum level of complexity. Thereby, we have observed a distinctive kink pattern in the current limiting profiles of the SFCLs, from which no further reduction of the first peak of the fault current is achieved when a greater resistance is considered, allowing a univocal determination of the optimum SFCL resistance. This peculiarity is not observed when the model for the quench properties of the SFCL is simplified towards an exponential resistance, although the last can be used as an auxiliary process for addressing the first guess on the resistance value required for a specific strategy, as it demands less computing time. We have also determined that for many of the cases studied, i.e, for the combinations between one or more SFCLs installed at different locations, and those subjected to fault events located at different points in the network, the recovery time of the superconducting properties of at least one of the SFCLs can last for more than five minutes, constraining the feasibility of a large-scale deployment of this technology. However, by assuming that the practical operation of the SFCL is assisted by the automatic operation of a bypass switch when the SC material is fully quenched, we have determined that the optimal strategy for the overall protection of power grids of standard topology requires a maximum of three SFCLs, with recovery times of less than a few seconds. This information is of remarkable value for power system operators, as it can establish a maximum investment threshold which ultimately can facilitate making decisions regarding the deployment of SFCL technologies.
Introduction
The expansion of distributed generation, grid interconnection, and the continuously growing demand for electric power are just some of the many factors that have led power network operators to develop critical reports, addressing the actual need for large scale upgrading of conventional schemes of fault protection. [1] . Various strategies for mitigating fault current levels are commonly implemented in the power industry, where
Email addresses: xz326@cam.ac.uk (Xiuchang Zhang), dr.harold.ruiz@leicester.ac.uk (H. S. Ruiz) the most conventional ones include the construction of new substations, splitting existing substation busses, the upgrading of circuit breakers, and/or the installation of three-winding transformers. Nevertheless, all these operational practices imply a non negligible degradation of the reliability figures of the power system under actual operating conditions, which ultimately may involve significant economic losses and hence the need for further investment [2] . Series reactors and solid state fault current limiters are also common strategies for reducing the fault levels in existing power grids, although these devices cause a noticeable voltage drop and therefore considerable power losses during the normal operation of the network [4, 5] . However, under normal operational conditions of the power network, novel technologies such as superconducting fault current limiters (SFCLs), with their unique property of nearly zero electrical resistance, offer the possibility to improve voltage stability, power supply, quality, and overall efficiency of the electric grid without the need for constructing additional substations or adding new infrastructure [6, 7, 8, 9] .
When a short circuit event or electric fault occurs, the SFCL is custom designed in order to trigger the fast transition from its superconducting state to the so-called quenched state. The quench state is characterised by a high electrical resistivity, aiming to limit the first peak of the fault current to acceptable operational levels, either by ensuring the automatic recovery of the protection scheme with no disruptions on the supply, or by allowing enough time for the prompt activation of conventional protection systems such as circuit breakers [6] . Commonly, fault events generate voltage sags lasting between 0.5 and 60 cycles, affecting consumers differently according to their location in the electric network. For instance, even though the load current at certain locations is small compared to the fault current, changes in the load current during and after the fault strongly influence the voltage at the power equipment terminals, where about 85% of power supply malfunctions are caused by voltage sags or interruptions of fewer than 1 s duration, led by the occurrence of a fault event at some branch of the power network [3] .
Thus, in order to determine the optimum performance of power systems from the protection scheme view- point, there is no 100% reliable solution for determining the optimal location for the installation of a single SFCL, even though it may be based upon topographical studies of fault detection. However, solutions can be provided for isolated scenarios [10, 11, 12] , although a detailed analysis is necessary to select the correct and most economical solution for a particular situation (fault location, particular network, and SFCL location). Nevertheless, for each scenario and with a predefined location for installing the SFCL, it is possible to study the reliability figures of the protection scheme, by analysing the multiple locations where a fault event may occur, i.e, the first peak limiting performance is assessed at the different busbars of a power network under different fault events. Then, once the most severe cases for fault protection have been identified, multiple SFCLs can be installed at the different branches of the power network aiming to protect, simultaneously, all the distribution branches. Thus, in this paper we demonstrate how the optimal strategy for the overall protection of standard power networks, under the protection scheme implemented by the integration of SFCLs, implies a maximum investment of three SFCLs installed at specific locations regardless of the ubiety of the fault event. This paper is organised as follows. Section 2 presents the main features of the simulated power grid, the minimum physical characteristics that need to be considered for modelling the quench properties of the superconducting material, and the fault current limiting dynamics under multiple protection schemes and load flow analysis, i.e., scrutinising different locations for the optimal installation of an SFCL in conjunction with the occurrence of fault events at diverse locations. Then, in Section 3 we demonstrate the existence of a threshold value on the number of SFCLs needed for the overall protection of the power network, based upon a comprehensive study of the number of scenarios where the allocation of multiple SFCLs and the concurrent occurrence of fault events can be considered. Finally, the main conclusions Fig. 1 ) under e law and E − J power law models. The current sharing profile between the SC and the shunt resistance of the E − J power law SFCL model is also displayed.
of this paper are presented in Section 4.
Power System Configuration and SFCL Scheme
For the purposes of this study the simulated power system is designed within UK network standards [13] , and is represented by the single-line diagram shown in Fig. 1 . The power system includes a 200 MVA conventional power plant connected to a 2 GVA short circuit rated upstream power grid which supplies an interconnected 80 MW industrial load (IL1). Then, the power flow continues downwards to feed domestic and industrial networks, characterised by three domestic loads (DL1−DL3) and four industrial loads (IL2−IL5) (see also Table 1 ). Distributed renewable energy systems such as onshore wind power plants have also been considered under the scope of the simulated power system. For the case study presented in this manuscript, the wind power plant has been simulated in accordance with the power specifications provided by the Phase II Crystal Rig wind farm in East Lothian, Scotland, giving a nameplate capacity of 138 MW (60 Siemens 2.3 MW turbines) [14] .
Concerning fault analysis, it is well known that the maximum reliability of a protection scheme needs to be assessed in terms of the prospective occurrence of symmetric three-phase short circuit faults, these causing a severe decrease on the power system impedance. Thus, by considering the most hazardous scenarios for the operation of the system, three prospective locations were simulated for three-phase to ground short circuit events representing contingencies at the domestic network (Fault 1), the industrial network (Fault 2), and the high voltage transmission lines (Fault 3). The study takes into account the fault current dynamics for overall protection schemes, assuming an investment of up to five SFCLs to be installed at different locations, and tested to stand the occurrence of severe fault events. Thus, each combination between the occurrence and location of a fault event together with the allocation of a sole or multiple SFCLs, may define a singular protection scheme, which does not necessarily protect the stability of the overall power grid. Therefore, by analysing the topology of the power system shown in Fig. 1 , the following five locations have been assumed to be the most suitable integration points for the installation of an SFCL, namely: the outgoing feeder of the conventional power plant (SFCL 1), the outgoing feeder of the wind farm (SFCL 2), the ports of the domestic (SFCL 3) and industrial (SFCL 4) branches, and the bus-tie coupling the domestic and industrial networks (SFCL 5). The locations SFCL1 and SFCL 2 have been chosen because when the SFCL is installed at a feeder location, the need for upgrading interconnected substations due to the added generation capacity and the increase of the short-circuit current levels can be postponed, resulting in high economical savings [15] . On the other hand, it is a common practice to assume that most of the fault events occur at the domestic branch connection (DBC) and/or at the industrial branch connection (IBC) [8, 10] . The main advantage of installing SFCLs at these ports, SFCL3 and SFCL4 respectively, is the possibility to increase the short-circuit capacity of the subgrids during normal operation without increasing the fault currents. Finally, the installation of a SFCL in the busbar coupling at transmission voltage levels (SFCL5), aims to provide a flexible operation of the transformers TR3 and TR4 while reducing fault currents to acceptable levels, complying with the common practice of redundancy for feeding a distribution grid.
Concerning to the electrical properties that define the practical operation of the SFCL under the scope of load flow analysis, the quench transition of the SFCL is equivalent to considering the sudden insertion of a high impedance during, and after the occurrence of a fault event (t = t f ). In fact, during the normal operation of the power system, i.e., before the occurrence of a fault (t < t f ), and after its full clearance and later recovery of superconducting properties (t ≥ t f c + t r ), the resistive impedance of the SFCL is nearly invisible to the load flow. Therefore, it is reasonable to assume that under these conditions the SFCL acts as a small resistance defined by R n = 10 −6 Ω [10, 16] . Then, the fault pro-tection capabilities of the SFCL are captured by modelling the quenching properties of the superconducting material beyond the steady-state conditions [12] , where the time-dependance comes into play either via a simplified exponential function for the resistance dynamics of the SFCL under fault conditions [9, 17, 18] , or a temperature dependent E − J power law describing the flux-creep and flux-flow properties of the superconducting material [19, 20] . In the first model, once the SFCL detects the occurrence of a fault event, its nominal resistance swiftly increases towards the maximum resistance of the quenched material (R m ) until the clearance of the fault at t = t f c is achieved, i.e.,
where the upper limit t = t f c stands for the recovery period of the superconducting material (t f c ≤ t < t f c + t r ), and t sc defines the minimum quench time allowing for the propagation of the normal zone over the entire superconductor (∼ 1 ms). However, in order to attain a more precise validation of the SFCL protection scheme regarding safety operation and power stability conditions, the recovery time of the SFCL cannot be assumed as an ad hoc parameter. Therefore, besides the exponential model, we have also studied the impact of considering the temperature dependence of the flux-creep and flux-flow regimes describing the time-dependent quench of the superconducting material, such that the averaged instantaneous temperature of the SFCL, T (t), can be calculated by solving the classical heat transfer equation [21] . Theis thermal subsystem is then coupled to the electrical module of the power system, as a temperature dependent E − J power law of similar structure to the one proposed by Lacroix and Sirois in Ref. [20] . In our case, a cylindrical bulk of Bi2212 immersed in a liquid nitrogen bath at 1 atm pressure (T 0 = 77 K) has been assumed, leading to:
with
for T c = 85 K, E 0 = 1 µV/cm, J c (T 0 ) = 12 MA/m 2 , and n 0 = 9, in good agreement with the experimental results reported in Refs. [22, 23, 24, 25, 26] . Then, the normal properties of the superconducting material for T > T c are simulated as E(T, t) = ρ(T c )J(t)(T (t)/T c ), with ρ(T c ) = 7x10 −6 Ω. Finally, in order to protect the superconducting components from the uncontrolled occurrence and propagation of hot spots during fault events, the recovery characteristics of the SFCL are assisted by the parallel connection of a shunt resistance, R s , acting as an electrical bypass during the quench regardless of the material law governing the transition of the superconducting state into the normal state of the superconductor. Thus, based upon the technical characteristics of the power system described above, and the physical properties emulating the behaviour of the SFCL, the main results derived from our study are presented below.
3. Performance analysis of the SFCL scheme for the overall protection of the power grid
In order to illustrate the reliability figures that may support investment in SFCL technologies, in this section we present a comprehensive study of the current limiting performance for the action of one or multiple SFCLs subjected to the occurrence of different fault events, and the identification of their optimal location.
In Fig. 2 , the results obtained for a three-phase-toground fault at the domestic branch (Fig. 1, Fault 1) , with an SFCL either modelled as a time-dependent exponential resistor or by means of the temperaturedependent E − J power law describing the quench properties of the superconducting material, are shown when the SFCL is installed in between transmission lines L3 and L4, and the fault lasts for 200 ms. After following the steady state behaviour of the power system, the Table 2 : Calculated recovery time, t r , of the SFCLs depicted in Fig. 1 with ( * ) and without ( ‡ ) the assistance of the BS strategy. fault is initialised at t f = 0.5 s, where the first peak of the prospective fault current measured without the insertion of the SFCL (6 kA) is effectively limited to 2.7 kA when the exponential model is considered, i.e., attaining a 55% reduction on the first peak of the fault current, whilst only about a 35% current reduction is achieved with the temperature-dependent E − J power law. This result indicates that although the simplified exponential resistance model can overestimate the rate of change for the resistance curve of the SFCL, the minimum rated resistance for fault protection, R m , can be estimated from the exponential model if the minimum percentage of current reduction is defined. This value can therefore be used as a control asset for defining the actual impact of the SFCL protection scheme when considering more sophisticated models like the temperature dependent E − J power law. In fact, after a thorough comparison of the fault current limiting performance with the exponential resistance model and the temperature dependent E − J power law model, we have observed that a univocal R † m value can be identified via the striking occurrence of a "kink" pattern on the SFCL's current that only appears when the E − J power law is considered. The generic relationship between R † m and the reduction on the first peak of the fault current can be observed in Fig. 3 . Fig. 3 displays the profile of current flowing through an SFCL installed at the bus-tie coupling the domestic and industrial networks (SFCL 5), when a 200 ms threephase to ground fault in the domestic network (Fault 2) is initialised at t f = 0.5 s. Under the normal operation of the power grid, the overall system has been regulated such that only a current of 20 A is observed at the bustie. However, when a fault event occurs at the industrial network (Fault 2), the first peak of the short circuit current can reach up to 4.1 kA. Thus, when the SFCL exponential model has been considered, a minimum R m value of 5 Ω is assumed as it shows a current reduction of ∼ 55% over the first peak of the fault current. Then, R m is gradually increased up to 50 Ω, attaining a reduction of about 93% on the first peak of the fault current with a backwards displacement of the peak values. On the other hand, when the same resistance values are considered for the definition of the normal properties of the superconducting material (after a full quench), but with the flux creep and flux flow phenomena taken into consideration by the temperature dependent E-J power law, a quite distinctive feature at 0.7 kA, here called "kink", has been observed for SFCLs with R m > 25 Ω. The appearance of this striking feature on the current limiting profiles of the SFCL scheme implies the existence of an optimal resistance value, R † m , equal to 25 Ω for the case displayed in Fig. 3 , from which no further reduction on the first peak of the fault current can be achieved. It is noteworthy that the identification of R † m via power flow analysis provides a simplified but straightforward way of determining the minimum amount of superconducting material that is needed for the fabrication and scalability of a resistive type SFCL tailored to different grids. However, although it is true that the installation of an SFCL can be considered as a reliable protection scheme in terms of fault current reduction, and the manufacturing costs can be reduced once R † m has been identified, the actual costs of operation of the SFCL cannot be estimated until the recovery time of the SFCL is adequately assessed.
It is possible to demonstrate that, after the full clearance of a fault event lasting a few tens of milliseconds, the SFCL may require several minutes to stabilise its temperature and hence recover its SC properties. This ultimately compromises the deployment and reliability of the SFCL protection scheme. However, in order to decrease the recovery time of the SFCL to less than 3 s regardless of the SFCL location and where the fault current event occurs, it is possible to improve the SFCL protection scheme by connecting a bypass switch paral- The red dashed lines represent the current levels for the normal operation of the power grid (I n ), and the threshold value for safety regulation (I sr ) is defined as three times this value (purple solid lines) as common practice [19] .
lel to the terminals of the SFCL. The bypass switch (BS) allows for the electrical isolation of the SFCL from the power grid after the fault event has been cleared, hence reducing the Joule heating on the SC material and therefore its recovery time t r . Another advantage of the BS scheme is that it allows the automatic reconnection of the SFCL to the live power grid once the SC state is recovered [27] . Without the external assistance of the BS, and for fault events triggering the protection characteristics of the SFCL, we have determined that the recovery time of the SC properties can take over five minutes in most cases (see Table 2 ). Thus, once the optimal resistance R † m has been identi- fied, and the BS strategy has been incorporated, the reliability analysis for the overall protection of the power grid lies in the accurate assessment of the optimal location for the installation of an SFCL, and presumably the need for considering adding more than one SFCL. In fact, as the location where a fault event is likely to occur is unpredictable, and the current manufacturing costs of an SFCL are not currently competitive against traditional protection schemes [28] , the distribution network operators are reluctant to invest in large scale deployment of SFCL technologies, if there is not a clear threshold for the actual number of SFCLs required for the overall protection of the grid, and if the optimal locations where these SFCLs should be installed are unknown. Therefore, in order to determine the optimal strategy for the installation of one or multiple SFCLs, and thereby ensure the overall protection of the power grid under diverse fault conditions, a set of five installation points were chosen after analysing the capability of each individual SFCL by limiting the fault current to within the rating of existing switchgear. The optimal SFCL protection scheme is determined from the power flow analysis of the 31 possible strategies, s, that combine the five SFCL locations (see Table 3 ). Each strategy was assessed under all three fault conditions illustrated in Fig. 1 , resulting in the study of 93 different cases. By scrutiny of the most hazardous fault events in each of the aforementioned 93 cases, Fig. 4 shows the obtained results for the reduction of the first peak of the fault current from the analysis of the 31 protection strategies. In particular, we refer to the measuring points located at (see Fig 1) : (a) the integration point (IP) with a fault event at the domestic network ( The extensive set of results derived from this study can be simplified by calculating the operational safety margin (OSM) for each one of the 31 protection strategies, i.e., OSM= (I sr − I l )/(I sr ) × 100%, with I l being the magnitude of the first peak of the limited current, and the safety threshold I sr = 3I n (see Fig. 4 ). Thus, when the protection strategy produces a positive impact on all the measuring points, the strategy is considered to be highly suitable, and eventually it can be considered optimal depending on the specific demands of the power industry. In the presented case, if the effectiveness of a protection strategy that assumes a k−number of SFCLs is within 10% of the effectiveness of any of the other protection schemes with k − 1 SFCLs, the last is considered to be the optimal protection scheme. The overall algorithm for identification of the optimal protection scheme is illustrated in Fig. 5 .
In all cases, the fault has been initiated after 25 cycles of normal operation (t f = 0.5 ), with a duration of 10 cycles (t f c = 0.7 ) and, the computation has been carried up to t = 4 which is generally greater than t f c + t r when the BS has been included. For the installation of only one SFCL k = 1, the mean computing time for the subset of strategies s ∈ [1 : 5] is ∼ 58 ± 5 regardless of the location of the fault, with an average increment of ∼ 18 for each strategy (s) with an added SFCL (k + 1). The actual total computing time for the 93 studied cases is of 8073.51 , i.e., less than 2 hours and 15 minutes.
We have therefore determined that in order to protect the overall grid from any of the fault events hereby considered, the installation of three SFCLs is enough within the established safety thresholds (see Fig. 4 ). In particular, only two different arrangements made of up to three SFCLs have accomplished the desired conditions (see Table 4 ), i.e., the strategies s = 18 and s = 19, with the SFCLs installed at locations [1, 2, 5] , and [1, 3, 4] , respectively. It is to be noted that although strategy 19, which involves installing the SFCLs at the outgoing feeder of the power plant and the feeding ports of the domestic and industrial networks, offers a significant improvement when the fault occurs at the domestic branches, it is necessary to consider the needs of expansion of the power grid when making decisions. Thus, we conclude that strategy 18 which rather of consider installing SFCLs at locations 3 and 4, it allows for direct protection of the wind power plant with an SFCL installed at location 2, therefore preventing potential islanding problems [29] , and the other SFCL installed at the bustie coupling the domestic and industrial networks (Lo- cation 5), is the optimal protection scheme for the deployment of the SFCLs. In fact, introducing a SFCL at the bus-tie (SFCL 5) would enable one to operate the transformers TR3 and TR4 in parallel, resulting in a doubled short circuit capacity and lower transformer losses [30] , which in turn results in lower voltage drops, improved stability, and savings in load connection expenses [15] .
Conclusion
A comprehensive method for determining the optimal strategy for the integration of SFCLs in standard power networks has been presented. The method allows for calculating the minimum number of SFCLs which need to be deployed for the overall protection of the network. In order to determine the optimal resistance of the SFCL, two different material laws for defining the electrical behaviour of the SC material have been considered. Firstly, an exponential resistance model for modelling the quench properties of the superconducting material without expressly accounting for temperature gradients has been invoked, simultaneously defining the reference point for determining a minimum threshold for the SFCL resistance, R m , which may lead to the desired limitation of the fault current. Secondly, supported on the experimental observations reported in the literature, a more realistic temperature-dependent E−J power law model was implemented. From this, a distinctive kink pattern on the profiles of limiting current allowed us to establish a univocal method for the determination of the optimal resistance, R † m , of each one of the SFCLs installed.
Thus, once R † m was determined for the different locations (L) where an SFCL might be placed, accounting for fault events occurring at different locations, the complete number of protection strategies were identified, being the possible combinations between a sole SFCL, or multiple SFCLs each installed at one of the L locations. Each protection strategy was analysed as a function of the percentage reduction of the first peak of the fault current. Then, taking into account fault events occurring at different places (Faults 1 to 3 in Fig. 1 ) for each one of these strategies (each of the 31 resulting combinations between the 5 SFCLs depicted in Fig. 1 ), we have shown that for many of these cases, the recovery time of the superconducting properties for one or more of the installed SFCLs can last over five minutes. This situation jeopardises the making of decisions in favour of investment in this technology (for large scale deployments), due to the associated cooling costs of the SFCLs. However, the integration of a bypass switch parallel to the terminals of the SFCL can successfully reduce the recovery time to a few seconds after the clearance of the fault. Thus, by assuming that the practical operation of the SFCL is assisted by the automatic operation of the BS once the SC material is fully quenched, we have determined that the optimal strategy for the overall protection of a power grid with the topology displayed in Fig. 1 , requires a maximum of three SFCLs. The first must be installed at the outgoing feeder of the conventional power plant (SFCL 1), the second must be installed at the outgoing feeder of the wind farm (SFCL 2), and the last one must be connected to the bus-tie coupling the domestic and industrial networks (SFCL 5).
